As the penetration of distributed energy resources in the residential sector increases, the scope for sharing arrangements expands. We model a peer-to-peer rental market for rooftop solar and energy storage in the residential sector, with households seeking to minimize their electricity costs. For varying adoption levels, we characterize the market rental price, quantity, and participation rate. We find that up to 15% adoption, the peer-to-peer market generates a surplus comparable to that attainable though a centralized sharing model. The peer-to-peer market can incentivize an increase in total adoption in the long run. We find that direct subsidies would be a cheaper way to increase adoption if enabling the peer-to-peer market increases distribution grid costs by more than a few percent. This cost increase would be related to how locally the peer-to-peer market can match renters and owners. We compute metrics of this localness and find that the market clears quite locally for a wide range of adoption rates.
outages or reducing their carbon footprint. In our study, we focus on modeling the value of DERs as the bill savings that they can achieve. We estimate demand and supply functions for the peer-to-peer market at different levels of DER adoption, and we characterize the resulting equilibria in terms of rental price, household participation rates, and surpluses. We compare the total market surplus across all households with the surplus achievable in a more centralized model for sharing as formulated in [16] .
The existence of a peer-to-peer market may lead to increased DER adoption. DER equipment vendors stand to gain from increased adoption, whereas retail electric utilities stand to lose. We model this opposition between vendors supporting the emergence of the peer-to-peer market and utilities trying to block it, and we provide conditions under which either party prevails.
Direct subsidies are an alternative means to increase DER adoption that may involve less complexity and cost for distribution system operators. We compute the direct subsidy that would increase DER adoption by the same amount that the peer-to-peer market does. We compare that figure to potential increases in distribution grid costs that enabling a peer-to-peer market might entail. These increases are related to the geographical localness of sharing transactions on the peer-to-peer market, so we develop and compute measures of this localness. This analysis allows policymakers to evaluate the trade-off between the peer-to-peer market and direct subsidies.
Model

Household savings
We consider a population of households. One type of DER asset is available, and households decide whether or not to own one of this asset. The asset is a combination of a PV system sized to be net-zero and a storage device whose capacity is scaled linearly to the PV system size. Because energy consumption varies among households, different households will have different sized DER assets. Let y i denote the net-zero PV system size for household i. The storage capacity for household i is then αy i , where α is a scaling coefficient that is the same for all households. Similarly, the maximum charging rate for the storage device is uy i , and the maximum discharging rate is uy i , where u and u are scaling coefficients that are the same for all households. Thus a single parameter y i defines the net-zero DER asset size for a given household.
The asset enables the household to save money on its electricity cost. The household has an inflexible end-use electrical load L i = [l (1) i · · · l A retail utility provides electrical service to the household. The household faces a tariff under which it purchases electricity at prices Q i and sells surplus electricity back to the retailer at R i , where q (j) i and r (j) i are prices on the jth day. The tariff is exogenous -it is affected neither by the number of households who own the asset nor by what they do with it.
A rental market makes it possible for non-owners to rent asset capacity from owners. Non-owners can rent at most their net-zero system size, and owners can rent out at most the full use of their asset. The rental contract lasts the entire period under consideration.
Suppose that household i has capacity y i of the asset for its own use -in other words, it is either a non-owner that has rented y i on the market, or an owner that has rented out y i − y i on the market and reserved y i for its own use. Let v (j) i be the solar irradiance experienced by household i on day j. The net load for the household on this day is then l i y i , where η I is the efficiency of the inverter connecting the PV to the house. We follow [16] in setting up a daily optimization problem for the household in which it minimizes its daily cost of electricity when it selects u (j) , the charging and discharging actions of the storage device: minimize u (j) ,x,g ∈ R 24 [g]
The available storage device capacity, its maximum charging and discharging rates, and the available PV energy are now affected by how much of the asset the household has use of. The charging and discharging efficiencies η C and η D and the self-discharge efficiency η S are not affected by y i . The storage state of charge is denoted by x, with x h denoting the state at the end of hour h. The initial state of charge is x 0 , and the load on the grid is g. The [·] + operator is element-wise application of max(·, 0), and [·] − is element-wise min(·, 0).
Let the value of the objective function at the optimum be c i . In words, b i (y i ) is household i's total electricity bill when operating fraction y i of the DER asset optimally. If y i = 0, its electricity cost for the period under consideration is
. This function returns how much the household will save on its electricity bill compared to the baseline if it has use of y i of the asset; f (0) = 0, and f (y i ) is the most that the household can save.
Remark 1.
The savings function is non-decreasing. If on any day the sale price is positive when the irradiance is positive, then the savings function is strictly increasing.
Proof. Consider any day j for household i. Assuming q
i , which precludes instantaneous and unlimited arbitrage, Optimization 1 is feasible and bounded. Supposeũ (j) ,x, andg are optimal for y i =ỹ i . The optimal objective value for this value of y i is then c
i . Now consider the optimization with y i =ỹ i + δ, where δ > 0. Bothx andũ (j) still satisfy constraints (c)
i satisfies constraint (b). The irradiance is nonnegative, soĝ ≤g. The prices are nonnegative, so the objective value at this feasibleĝ is less than or equal to c (j) i (ỹ i ), which implies that the optimal objective value c
. This is true for all j, so
Now suppose for some hourĥ of dayk, v 
. The objective value for y i =ỹ i + δ at the feasibleĝ is now less than or equal to c
, so the optimal objective value c 
for suitable choices of matrices A and E and vectors π, B, C, D, F , G, and H. Consider y i =ỹ i with an optimal solutionθ and optimal objective value c (j)
i (ỹ i ) = π Tθ , and a similar tuple ofŷ i ,θ, and c
One can show that θ = αθ + (1 − α)θ is feasible for Optimization 2 with y i = y i . The objective value π T θ = απ Tθ + (1 − α)π Tθ . The optimal objective value at y i = y i must be less than or equal to
i (y i ) is convex, and f i (y i ) is concave.
Household demand and supply
In our model, households make decisions on the rental market based solely on maximizing their savings on electricity. We ignore other benefits that DERs may bring to a household, like backup power during outages, the enjoyment of actively participating on the grid, or the satisfaction of using renewably generated electricity [21] [22] [23] . Given an exogenous per-unit rental price r, a non-owner household solves the following optimization:
whereas an owner household solves:
Let y i (r) be household i's optimal choice of y i given rental price r. Let H be the set of all households, indexed by i = 1, . . . , N , and let O be the set of owners. Then for any given rental price r, the total rental demand is i∈H\O y i (r), and the total rental supply is i∈O (y i − y i (r)). The market-clearing rental pricer is that which equates rental supply and demand. The market-clearing rental volume v is equal to the total rental supply (and the total rental demand) at rental pricer.
Let w i be the surplus a household enjoys from participating in the rental market. If household i owns the asset,
The total owner surplus is the sum of w i across all owner households, and the total renter surplus is the sum across all non-owner households. The total surplus across all households is i∈H f i (y i ) − i∈O f i (y i ), with the rent payments canceling out.
Adoption level and pattern
The rental market equilibrium depends on the adoption level and pattern. Let t be the percentage of households that adopt and thus own the DER asset. For a given level of adoption t, define the adopters O(t) as the set of households in the top t percent when ordered by
. This adoption pattern corresponds to the notion that individual households will decide whether to own the DER asset based on how much they stand to save if they use it entirely for themselves, without considering possible revenue from the peer-to-peer rental market. 1 They normalize their potential bill savings f (y i ) by their system size y i to come up with a per-unit savings that they can compare directly to a per-unit purchase price. Define the rate demand function D R (p) as the rate of adoption that corresponds to a per-unit asset purchase price of p; that is,
Define the quantity demand function D(p) as the total quantity adopted at level t:
We will writer(t) to refer to the market-clearing per-unit rental price when the adopters are O(t), and v(t) to refer to the corresponding market-clearing rental volume.
Long run equilibrium
A long run equilibrium of the peer-to-peer market is a point at which households are indifferent between renting and owning the asset. In other words, it is a point at which the per-unit purchase price of the DER asset is the same as the per-unit rental market price. Suppose the per-unit purchase price p is fixed. Then the long run equilibrium adoption rate t satisfiesr(t) = p. Define the long run rate demand functionD R (p) as:
Conceptually, for a fixed p, interpret D R (p) as the adoption level in the absence of the peer-topeer market. Once the peer-to-peer market comes into being, if the rental market pricer(D R (p)) is higher than p, there is profit to be made in purchasing the asset just to rent it out. Once all of those opportunities are taken, the adoption level will beD R (p), under the assumption that the additional adoption comes from households who have the highest values of normalized bill savings. Define the long run quantity demand functionD(p) as the total quantity adopted in the long run in the presence of the peer-to-peer market:
Geographical localness of market
The peer-to-peer rental market model assumes that the DER asset capacity can be freely transferred between households, without considering the requirements of transmission and distribution. The system operator or the utility may be concerned with what these transfers look like -whether they take place relatively locally or span long distances. We develop two metrics to assess to what extent a given rental market is localized. Let the geographic area containing all the households be partitioned into regions. The set of all regions is Z = {z 1 , . . . , z |Z| }. Each household belongs to one and only one region. Let m k be the set of all households that belong to region z k . For a given adoption level t, the set of adopters is O(t), the peer-to-peer market rental price is r(t), and the quantity rented is v(t). Define the excess rental supply in region z k as:
If s k < 0 then region z k has excess rental demand. The distance between regions z k and z l is d(z k , z l ). Let W be a |Z| × |Z| matrix with nonnegative entries, where W kl is the flow of rental supply from region z k to region z l . Define the minimum cost flow problem for rental market clearing as follows:
Constraints 9(b) and (c) ensure that the inter-region flows match excess rental supply with excess rental demand and that no region acts as a simple passthrough circumventing the squared distance cost. The minimum cost flow objective is a measure of how hard it is to match excesses with shortages taking into account the distance between regions. Another useful measure is the fraction of total rental market quantity that can be matched, or cleared, within regions: 1 − In general, all regions will have some nonzero excess rental supply, so the minimum cost flow objective will be positive, and the fraction of market quantity cleared locally will be less than 1. If by chance the rental quantity supplied exactly matches the rental quantity demanded within each region, then the excess supply in all regions is zero, so the minimum cost flow objective is zero, and the fraction of rental market quantity that can be cleared within regions is 1.
Opposition between utility and equipment vendor
The retail utility and DER equipment vendor have vested interests in whether or not the peer-to-peer market exists. The retail utility may oppose the peer-to-peer market because it would lead to lower revenue as customers' electric bills decrease. Furthermore, the utility may also oppose the market because it believes the market will increase the cost and complexity of operating the distribution grid. By contrast, equipment vendors have a direct interest in the peer-to-peer market because it could lead to more purchases of the DER asset. We model the interaction between the utility and the vendor as it relates to blocking or enabling the market. We assume that the vendor is the agent seeking to open the peer-to-peer market, so we limit ourselves to cases where it stands to gain from doing so.
Suppose there is a single equipment vendor. Let D(p) be the quantity demand curve the vendor faces in the absence of the peer-to-peer market, andD(p) the long run quantity demand curve in the presence of the market. Suppose the vendor sells the DER asset at a per-unit price p which does not change depending on the existence of the peer-to-peer market. Without the peer-to-peer market, the vendor's revenue is pD(p); with the market, it is pD(p). The only difference between the two situations is the quantity sold. In total, the peer-to-peer market increases the vendor's revenue by ∆R
Now we turn to the utility. Suppose the utility earns a profit on the amount it bills for energy sold to a household, but does not earn profit or incur loss when it buys back electricity from households. Thus the utility desires to sell as much energy as possible, and it doesn't care about how much it buys back. Let B e (q) be total billed sales without the peer-to-peer market when the adopted quantity is q, andB e (q) be total billed sales with the peer-to-peer market. If the adopted quantity is q without the market andq with the market, then the utility's loss of billed sales due to the peer-to-peer market is ∆R U (q,q) = B e (q) −B e (q). For a fixed purchase price p, q = D(p), and
Let the utility's rate of profit on its billed sales revenue be fixed at ζ U , and let the vendor's rate of profit on its revenue be fixed at ζ V . More precisely, ζ U and ζ V are constant, gross rates of profit on the increase or decrease of revenue due to the existence of the peer-to-peer market. The vendor's profit increase from the market is ζ V ∆R V (p), and the utility's profit loss is ζ U ∆R U (p). These potential profit gains or losses represent resources that the vendor or utility may bring to bear to enable or block the emergence of the market. We assume that the peer-to-peer market will come into existence if the vendor stands to gain more profit than the utility will lose, i.e. if:
Define the utility's profit rate ratio as A U = ζ U /ζ V . For a given p, if A U is high enough, the utility will win out and block the emergence of the peer-to-peer market.
Comparison with direct subsidies
For a range of asset purchase prices, the emergence of the peer-to-peer market would increase total asset adoption because the long run rent-own equilibrium involves a higher level of adoption. The increase in total adopted quantity due to the market is ∆Q(p) =D(p) − D(p). Direct subsidies are an alternate way to increase adoption. We define the equivalent direct subsidy S E (p) for a fixed asset purchase price p as the amount of subsidy required to increase the adopted quantity by the same amount as the peer-to-peer market would. We compute it as Figure 1 illustrates these quantities.
Data
The household inflexible loads come from the smart meter data for over 45,000 households in and around Fresno, California, for one year spanning from November 2011 to October 2012. We do not include meters with very low consumption (less than 0.1 kW mean) or many zero readings (more than half of all readings). The zip code for each household is available. The peer-to-peer market
Quantity Price
Figure 1: This figure defines the equivalent direct subsidy of the peer-to-peer market. The blue curve is the demand curve without the market, and the green curve is the long run demand curve in the presence of the market. For a fixed asset purchase price p, adoption without the market is D(p) and with the market isD(p). The difference between the two is ∆Q(p). The direct subsidy that generates the same increase in adopted quantity is S E (p).
involves renting capacity; therefore, the households included in the market should experience very similar solar irradiance so that the PV component of the DER asset is truly fungible. 2 We follow [16] in obtaining solar irradiance data. To remove any variation between households due to irradiance variations, we use a single solar irradiance for all households. We choose the irradiance from the zip code that is closest to the weighted centroid of all zip codes for this set of households, where each zip code is weighted by the total annual electricity consumption of the households in it.
We use Policy 1 pricing from [16] : households buy electricity at the retail time of use rate and sell surplus electricity back to the grid at the day ahead location marginal price (LMP). The LMP varies by zip code, which is an extraneous source of variation for this study. 3 Therefore, we generate a single LMP for all households by taking the mean of the zip code LMPs weighted by total annual household electricity consumption in each zip code.
We follow [16] in defining and sizing the DER asset, which is a combination of a PV system and a storage device, and its interface to the household AC bus. The PV system is sized to be net-zero using the irradiance described in the preceding paragraph. The storage device capacity, charging rate, and discharging rate all scale to the PV system size, with α = 1 kWh/kW, and u = u = 
Savings functions
For each household, we solve Optimization (1) for each day of the year, obtaining yearly savings for 30 values of y i ranging from 0.01y i to y i . We then fit a monotonically increasing, concave spline to this data to generate f i (y i ) [24, 25] . Figure 2 illustrates the heterogeneity in key parameters of the savings functions across the households. The normalized savings that a household can obtain by owning the asset and using it entirely itself ranges from about $125-325/yr/kW-kWh. 4 As seen in the marginal histograms in Figure 2b , the initial slope of the savings function is almost the same for all households, while the terminal slope has some variation. The reason for this is as follows. All households face the same TOU rate and experience the same irradiance. Furthermore, most households have non-zero consumption at all times. Thus, with the first increment of DER capacity, most households apply the same small amount of PV energy generated to offset their own consumption. That consumption is priced the same for all households, so they all save about the same amount for very small values of y i . As the DER asset capacity grows, households who don't have as much peak period consumption will then apply the capacity to offset off-peak consumption, or sell back surplus generation to the grid, both of which yield smaller benefits. Therefore, the variation in consumption patterns across households will lead to variation in savings as y i increases. Figures 2c and 2d give a few examples of the savings data and the fitted functions, demonstrating that the spline fits are excellent. 2 The slope coefficient for an ordinary least squares regression between the solar irradiance for any two zip codes for this set of households ranges from 0.96 to 1.00. The maximum mean absolute difference between any two zip codes is 26 Wh/m 2 . 3 The slope coefficient for an ordinary least squares regression between the LMPs for any two zip codes for this set of households around Fresno ranges from 0.77 to 1.15. The maximum mean absolute difference between any two zip codes is 0.2 ¢/kWh. 4 Normalized savings are computed as f (y i )/y i , but because the asset includes a storage device whose capacity is 1 kWh for every 1 kW of PV capacity, we report the normalized savings as $/yr/kW-kWh. 
Results
Rental market characteristics
For adoption rates ranging from t = 0.1% to 99.9%, the peer-to-peer market rental pricer and quantity v are computed. A participant is a household that either rents or rents out a positive fraction of the DER asset on the market at equilibrium. Formally, at a given equilibrium, household i is a participant in the market if it is a non-owner and y i > 0 or it is an owner and y i < y i .
The rental price decreases at a fairly steady rate with increasing adoption, as shown in Figure 3a . At low levels of adoption, the market rental price is about $420/yr/kW-kWh, which is well above the asset purchase price that produces the same level of adoption in the absence of the peer-to-peer market. Households with larger net-zero systems tend to have higher normalized savings, which manifests in the moderate positive correlation between absolute savings and normalized savings seen in Figure 2a . Thus, the first adopters tend to have larger net-zero sizes, which can be seen by comparing the adopted quantity axis with the adoption rate axis in Figure 3a .
The market quantity hits a maximum point, as shown in Figure 3b . At low adoption levels, the volume transacted is limited by the rate of adoption; at high adoption levels, almost everyone has the asset so there aren't that many renters available. Figure 3c illustrates that the fraction of all assets rented out steadily decreases with increasing adoption. The maximum rented quantity occurs at about 45% adoption, at which about 40% of the available quantity of DER assets is rented out. Figure 3d shows how owner, non-owner, and total participation rates vary with adoption rate. The participation rate is defined as the fraction of a given category that are participants in the market at equilibrium. Participation across both categories is very high over a wide range of adoption rates, from 5% to 75%.
Long run equilibrium
Suppose the annualized purchase price of the DER asset is $290/yr/kW-kWh. The D(p) curve in Figure 3a indicates that about 5% of households would choose to own the asset prior to the existence of the peer-to-peer market. Now suppose the peer-to-peer market emerges. The rental price on the market at that level of adoption is about $425/yr/kW-kWh. Thus, there is a profit opportunity in buying the asset just to rent it out. In fact, the rental price is above $290/yr/kW-kWh up until about 30% adoption -so another 25% of households in addition to the original 5% of adopters could buy the asset and make money on the rental market. Once the total ownership rate hits 30%, there is no longer any gain in owning to rent. This is a long run rent-own equilibrium point. In this example, the existence of the peer-to-peer market increases the overall ownership rate.
Consider a different scenario, with the annualized purchase price at $250/yr/kW-kWh. The adoption rate, prior to the existence of the peer-to-peer market, would be about 70%. When the peer-to-peer market comes into being, the rental rate would be about $185/yr/kW-kWh. The purchase price is greater than the rental rate, so adoption would not increase. In fact, if possible, households who own the asset would choose to no longer be owners and instead to rent capacity on the peer-to-peer market, leading to a decrease in adoption.
Comparison with coordination
We compare the surplus from the peer-to-peer market with the value of coordinated action (VCA) as defined in [16] . The VCA is the extra savings, in excess of what the owners of the asset save Figure 3 : (a) The blue curve is D(p), the demand in the absence of the peer-to-peer market. The green curve gives the market rental rate for a given level of adoption. The latter can also be interpreted asD(p), the long run demand in the presence of the peer-to-peer market given an asset purchase price p. The x-axes give either the rate of adoption or the quantity adopted, allowing a comparison of the two. (b) The quantity rented on the peer-to-peer market is plotted as a function of the total adopted quantity. The maximum rental quantity occurs when total adoption is about 115 MW-MWh, which corresponds to around 45% of households adopting. (c) The percent of the adopted quantity rented out is plotted as a function of the adoption rate. This percent decreases with increasing adoption. (d) Market participation rates are plotted as a function of adoption rate. Between 10% and 60% adoption, almost all households participate in the peer-to-peer market. Adoption rate (%)
% of T(t)
(b) Figure 4 : The solid line is the VCA. The shaded region is the total peer-to-peer market surplus, with the lighter region being the owner surplus and the darker region the renter surplus. Fig. (a) uses T BL , the original total cost of electricity for the households, as the normalizing quantity. Fig. (b) usesT (t), the total cost of electricity in the absence of the peer-to-peer market, as the normalizing quantity.
on their own, that is gained if all the households are aggregated into one household with one large load and one large DER asset controlled by a coordinator. This type of coordination has a couple of advantages over the peer-to-peer market model. For one, the coordinator can reallocate asset capacity on an hour by hour basis, whereas the peer-to-peer market reallocates capacity just once for the whole year in our study. In addition, the peer-to-peer market can only shift one unit of DER asset capacity to or from a household (i.e., y i ∈ [0, y i ]), while the coordinator is not limited by that restriction. These two major advantages ensure that the VCA will exceed the total peer-to-peer market surplus, as it indeed does in Figure 4 . Let T BL = i∈H b BL,i , the original total electricity bill for all households prior to any DER adoption. The maximum VCA is about 10% of T BL , and it occurs at about 40% adoption; the maximum total market surplus is about 7% of T BL at 35% adoption. Interestingly, however, at lower levels of adoption, the peer-to-peer market generates almost as much surplus as the coordinator. The gap between the two grows with increasing adoption up to a point.
Another insight is obtained by dividing the VCA and the surplus byT (t) = i∈O(t) b i (y i ) +
is the total amount paid to the utility by the households at adoption level t when they cannot interact with each other through the market or through coordination. This quantity changes with the adoption rate, in contrast to the constant T BL . As a percentage ofT (t), the VCA increases up to 15% at about 50% adoption, and the total market surplus peaks at 10% at 40% adoption. 
Localness of market
In order to compute the measures of localness of the peer-to-peer market developed in Section 1.5, we use zip codes as the regional partition. There are 29 zip codes for the households in the Fresno area. A representative latitude and longitude for each zip code serve as coordinates for defining inter-region distances d(z k , z l ).
As can be seen in Figure 5a , for adoption rates between 15% and 90%, over 90% of the rental market demand can be served by supply coming from within the same zip code. This indicates a highly localized market for a broad range of adoption. Even at very low and very high adoption rates, the majority of rental demand can be matched with supply within the same zip code. Thus, the peer-to-peer rental market is not dominated by large transfers of capacity between zip codesmuch of the market clears locally.
The minimum cost flow objective is plotted in Figure 5b . When comparing this objective to the rented quantity as seen in Figure 3b , the major difference is that the objective is relatively high compared to the rented quantity in the range of 5-20% adoption. This is also the range over which the fraction of demand that can be matched within its own zip code is relatively low. That mismatch between local rental supply and demand drives up the minimum cost flow objective for market clearing. Interestingly, the objective is roughly the same from 20-60% adoption, even though the rented quantity changes quite a bit over this range. This confirms the finding that the market is well localized for a large range of adoption rates. Figure 6 : (a) The green curve is the equipment vendor's increase in revenue ∆R V (p)at a given asset price due to the existence of the peer-to-peer market. The orange curve is the utility's loss of billed revenue ∆R U (p). The absolute difference between the two is about the same across the the range of DER asset prices considered in this analysis. (b) In the orange region, the utility's profit rate ratio A U is high enough that its profit loss is higher than the vendor's profit gain, so the utility will outspend the vendor and block the emergence of the peer-to-peer market. In the green region, the utility's lost profits are smaller than the vendor's profit gains, so the vendor will outspend the utility and ensure the existence of the peer-to-peer rental market.
Strategic interaction between utility and equipment vendor
When the purchase price p of the DER asset is above about $270/yr/kW-kWh, the peer-to-peer market leads to a long run increase in adoption, so the vendor's revenue increase ∆R V (p) is positive. The utility's billed revenue decreases by ∆R U (D(p),D(p)). The revenue changes for the two entities are shown in Figure 6a . At all prices, the utility's loss exceeds the vendor's gain. Depending on their rates of profit, one or the other may have more resources at their disposal to enable or block the emergence of the P2P market. Figure 6b illustrates the regime in which the peer-to-peer market will come into existence as a function of A U and p. As the asset price decreases, the utility needs a smaller profit rate ratio in order to block the rental market because its billed revenue losses are much higher than the vendor's revenue gains. The utility never needs to have a higher rate of profit than the vendor (i.e. A U > 1) in order to block the market, but at higher asset prices, it needs a profit rate of at least 80% of the vendor's.
Comparison to direct subsidies
We consider the trade-off facing a policymaker interested in increasing DER adoption through either enabling the peer-to-peer market or through direct subsidies. Figure 7 gives a sense of the Equivalent subsidy ($1000/yr) Increase in adopted quantity due to market (MW−MWh) Figure 7 : The curve traces out the equivalent subsidy S E (p) that generates the same increase in adoption ∆Q(p) as the peer-to-peer market for different asset purchase price points p. The asset purchase price varies along the curve, with particular values denoted by the labeled points. As an example, suppose the asset purchase price is $290/kW-kWh. The peer-to-peer market generates an increase in total adopted quantity of around 57 MW-MWh, read off on the y-axis. In the absence of the peer-to-peer market, the direct subsidy required for that same increase in adoption would be a little over $500,000/yr, read off on the x-axis. increase in DER adoption that the peer-to-peer market could facilitate for different purchase prices, as well as the equivalent direct subsidies required to get the same increase in adoption without the peer-to-peer market. The peer-to-peer market leads to the greatest increase in adopted quantity, about 66 MW-MWh, when the purchase price is about $305/yr/kW-kWh. If, in lieu of enabling the peer-to-peer market, the policymaker wanted to generate the same increase through direct subsidies, the annualized cost would be about $1.25 million per year.
Geographical differences
For the same November 2011 to October 2012 time frame, we have smart meter data for a group of 34,000 households in the Pittsburg, California area that experience very similar solar irradiance. 5 Figure 8 shows that the demand curves for Pittsburg are lower than those for Fresno, both with and without the peer-to-peer market. Pittsburg receives 97% of the total annual solar irradiance that Fresno does, and the weighted LMPs used in our study are practically identical between the two. 5 The slope coefficient for an ordinary least squares regression between the solar irradiance for any two zip codes for this set of households around Pittsburg ranges from 0.97 to 1.00, and the maximum mean absolute difference is 19 Wh/m 2 . For the LMPs, the slope coefficient ranges from 0.81 to 1.11, and the maximum mean absolute difference is 0.2 ¢/kWh. We generate a single weighted solar irradiance and LMP just as we did for Fresno. The median energy consumption of the households in Pittsburg is 76% of that of the households in Fresno. Recall that the DER system size for a household scales with its consumption, so Pittsburg's lower electrical energy consumption alone does not account for the lower demand. The driver for the difference in demand between the two regions is the difference in the household's fraction of consumption that takes place during the peak hours of the TOU rate. The Fresno households consume more of their energy during peak hours than those in Pittsburg, giving the same unit of DER asset capacity more scope to reduce bills, and therefore higher value, in Fresno.
Discussion
The peer-to-peer market enables many households to share in the benefits of distributed energy technologies, even when only a small fraction choose to own the DER asset themselves. Over a wide range of adoption rates, there is robust participation in the market by owner and non-owner households. In addition, up to about 15% adoption, the peer-to-peer market achieves about as much total household bill savings as a centralized coordinator would. The peer-to-peer market has the advantage of being more interactive and of having a built-in allocation mechanism for the bill savings. The market clears very locally from about 10% adoption up to very high adoption rates. That means that rentals can often be matched to take place between neighbors, which bolsters the appeal of the peer-to-peer market as a way for communities of people to share in the benefits of technology. It also means that the distribution grid operator does not have to be concerned about the rental market requiring large transfers of energy across large distances, or virtual assignments of storage device from one location to another far away. This localness should be associated with lower cost impacts to the distribution grid, due to lower losses and energy back-flows over shorter distances.
The peer-to-peer market can facilitate an increase in adoption. As an example, in our study, if the annualized purchase price of the DER asset hits $290/yr/kW-kWh, about 5% of Fresno households would have an incentive to purchase the asset for their own use. The peer-to-peer market would make it profitable for more households to adopt the asset, with the rent-own equilibrium at about 30% adoption. Thus, policymakers seeking to increase DER adoption should consider enabling the peer-to-peer rental market.
Enabling the peer-to-peer market may entail costs of its own, which can be compared to the alternative of direct subsidies. When comparing the two alternatives, we will assume that they involve the same increase in adopted DER quantity by the same households. In other words, the additional rooftop PV and storage ends up in the same place in both cases. Thus, the energy generated by the rooftop PV systems is produced in the same locations. The storage will be operated differently, however, in the two cases. This will lead to differences between the two alternatives in terms of inflows and outflows between a household and the distribution grid.
In our study, households get a very low price (i.e., the wholesale rate) for selling electricity back to the utility. In the absence of the peer-to-peer market, owner households are thus strongly incentivized to consume as much of their generated energy as possible by using the storage device to store extra energy generated during the daytime for consumption at a later hour. The household wants to minimize outflows. By contrast, when an owner household rents part of its rooftop PV capacity to another on the peer-to-peer market, any physical energy transfer between the two happens over the wires of the distribution grid. It involves an outflow from the household with the PV system because the rental agreement does not change the panel's physical location. Distribution grid operators are concerned in particular with back-flows and voltage variations that may be driven by outflows from a household, which may result in increased upgrade or maintenance costs.
Furthermore, there may be purely virtual transfers of capacity. It is possible that a household may rent out its entire PV capacity on the market. Thus, even though it will certainly consume some of that energy locally, its generated energy is credited for billing purposes to another household's account. Similarly, a household that rents storage capacity on the peer-to-peer market will in reality be controlling a storage device located elsewhere -so the charging and discharging of the device will happen in one location but be credited elsewhere. 6 In our model, these peer-to-peer arrangements assume free use of the distribution grid and no losses or other physical constraints. The distribution grid operator would have to deal with both realities. The detailed rate sheet for the retail time use rate used in this study assigns about 45% of the total billed revenue to distribution costs. For the Fresno households in this study, that comes out to $45 million of their total electricity bills prior to any DER adoption. If the additional distribution grid costs related to enabling the peer-to-peer market exceed a few percent of original total distribution costs, then direct subsidies may be a cheaper way for a policymaker to achieve the same increase in adoption.
It should be noted, however, that the peer-to-peer market may help reduce distribution grid costs. The rental market encourages homes with solar panels to export surplus energy instead of saving it for later. Their neighbors can consume that energy, so the utility doesn't need to provide as much for the neighbors. Distributing a unit of energy from one home to its neighbor is less resource-intensive than transporting that same unit of energy from a distant large scale generator, so the distribution costs for that unit of energy should be lower. Of course, the generating home will have less energy stored for later, so there will be distribution costs for supplying the energy to make up that difference later in the day. However, if the neighbor-to-neighbor sharing occurs at times when the distribution grid is relatively stressed, the overall cost of distribution may go down. Thus, there is a reasonable case to be made that the rental market will cause distribution costs to come down because it incentivizes generating homes to supply their neighbors' needs. This incentive structure is related to the pricing policy faced by the households. The policy in our model offers households a relatively low price -the wholesale rate -for energy they sell back to the utility. If the utility instead offered households a higher price for surplus energy, close to the purchase price, they wouldn't have much incentive to store it for later, so they would end up exporting it out to the grid and supplying their neighbor's needs in that way. The rental market would have much less scope.
The operator of the peer-to-peer market platform needs cooperation from retail electric utilities for virtually reassigning the capacity and the actions of DERs to reflect the rental contracts. The retail utility may hesitate to cooperate fearing a decline in revenue and an increase in cost and complexity of managing the distribution grid. Aggregators that provide coordination services may also oppose the creation of peer-to-peer markets because they compete directly with the value stream that coordination can generate. Equipment vendors would support the peer-to-peer market as a means to increase sales. Policymakers will need to take into account these competing agendas and their underlying economic motivations, as well as the interests of residential consumers, when evaluating peer-to-peer rental mechanisms.
We suggest two extensions of this study. The first would be an evaluation of the dynamics of the peer-to-peer market and how they would impact the static equilibria presented here. Early levels of adoption would alter electricity prices, changing the incentives for later households considering adoption. The retail utility may behave strategically, altering its rate structure in response to early adoption in a way that heads off later adoption. In addition, households may require some minimum threshold surplus before they choose to participate in the market. This friction may alter the character of the equilibria by excluding many renters and owners.
A second extension would be to enrich the set of motivations for households. We limited our study to bill savings, but the desire to act more environmentally consciously may bolster rental demand. On the other hand, it may also stifle rental supply, as owners may prioritize offsetting their own consumption with their net-zero systems over making them available to their neighbors. A model that comprehensively accounted for household utility from bill savings, renewable consumption, and power security would be a valuable contribution.
